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Abs t rac t .  Rhythmic r o t a t i o n a l  movements w i th  t h e  midvein as t h e  
axis have been observed i n  the  u n i f o l i a t e  leaves  of  Phaseolus 
a n g u l a r i s  Wight grown under c o n t r o l l e d  environmental  cond i t ions  
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w i t h  cont inuous 
leaves w a s  53.2 
matured, except 
t r i f o l i a t e  l e a f  
l i g h t .  The mean per iod  of t h i s  movement 
min. f 4.3 min. and remained cons t an t  as 
a f t e r  removal of  t he  a p i c a l  m e r i s t e m  and 
f o r  a l l  
t h e  l e a f  
eme rg ing  
when t h e  per iod increased  about  5 min. The ampli- 
tude  of  t h e  movement also remained cons t an t  as t h e  l e a f  matured. 
These r o t a t i o n a l  movements were pronounced when the  leaf b lade  
was i n  a h o r i z o n t a l  p o s i t i o n  and were n o t  ev iden t  during t h e  down- 
ward o r  "sleep" movements of  t h e  l e a f .  
a f t e r  l e a f  unfo ld ing  and cont inued f o r  at l eas t  6 days. It w a s  
most pronounced a t  the  t i m e  of i n f l e c t i o n  o f  t he  l e a f  l e n g t h  growth 
curve  a f t e r  t h e  loga r i thmic  phase of growth. 
This  movement began 3 days 
The u n i f o l i a t e  leaves  o f  bean p l a n t s  are g e n e r a l l y  i n  c o n s t a n t  motion 
and they  d i s p l a y  d i s t i n c t  p a t t e r n s  as they  move. This  s tudy  desc r ibes  an 
o s c i l l a t o r y  type o f  leaf movement i n  which t h e  lamina r o t a t e s  back and 
f o r t h  about  t he  midvein axis, wi th  t h e  d i r e c t i o n  o f  r o t a t i o n  changing 
every few minutes.  
o t h e r  i n v e s t i g a t o r s  and has no t  been a c c u r a t e l y  cha rac t e r i zed .  Darwin 
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This  type of motion has  been observed only  b r i e f l y  by 
and Darwin (6) noted ro t a t iona lmovemen t s  o f  bean l eaves  bu t  on ly  when t h e  
leaves were downward o r  i n  a "sleep" pos i t i on .  They des igna ted  t h i s  type 
of  motion as "blade ro ta t ion ."  
i n  t h e  u n i f o l i a t e  leaves o f  Phaseolus wi th  per iods  of about 1 h r . ,  bu t  
t h e s e  obse rva t ions  were l i m i t e d  t o  on ly  a few movement cyc le s .  
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2 5 t a t i o n a l  movements of l eaves  have been r epor t ed  f r e q u e n t l y  i n  t h e  l i t e r a t u r e  
Tronchet e t  a l +  (14) r epor t ed  b lade  r o t a t i o n  
I n  c o n t r a s t  t o  r o t a t i o n a l  movements, upward, downward and circumnu- 
_c. -. .~ .. . . , . . . ... . . - .. . -. 1 , "i, -I ... . - . ,..._ . 
3 
1 The upward and downward movements commonly have a dominate per iod  of  about 
2 27 h r s ,  and less prominent i r r e g u l a r  motions o f  s m a l l  amplitude w i t h  
3 per iods  of about 1 h r .  ( 5 ) .  The 27 h r .  movements have been observed i n  
4 bean leaves  f o r  as long as 4 weeks (9) .  These movements o r i g i n a t e  spon-. 
5 t aneous ly  i n  young seed l ings  grown under c o n t r o l l e d  environmental  condi- 
G Circumnuta- 
7 
8 
9 r e g u l a r  e l l i p s e  as they  move. Darwin and Darwin (6) a l s o  noted movements 
t i o n s  of temperature ,  l i g h t ,  GO2 arid r e l a t i v e  humidity (1). 
t i o n a l  movements have been observed most c o m o n l y  i n  s p e c i a l i z e d  leaves 
c a l l e d  t endr i l s (7 ,11 ,12 ) in  which t h e  t e n d r i l  t i p s  fo l low a more o r  l e s s  
10 of t h i s  type i n  the  t r u e  l eaves  of many p l a n t  spec ie s .  
11 Phaseolus v u l g a r i s  c i rcumnutate  approximately once each h r  (14). 
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The l e a f  t i p s  o f  
This i n v e s t i g a t i o n  desc r ibes  i n  d e t a i l  the na tu re  and p a r t i c u l a r l y  
13 the  rhythmic i ty  of b lade  r o t a t i o n  dur ing  the  growth and matura t ion  of  the  
14 u n i f o l i a t e  l eaves  of Phaseolus angu la r i s .  
15 
MATERIALS AND METHODS 16 
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. s m a l l ,  ova te  u n i f o l i a t e  leaves and slow growth characteristics. The 20 
21 p l a n t s  were grown under continuous l i g h t  of 600 
22 24.0 + 0-5 C, a relative humidi ty  o f  84 + 4% and s e a l e d  i n  a p l e x i g l a s s  
The l e a f  movements were recorded by t i m e  l a p s e  photography. Phaseolus 
a n g u l a r i s  w a s  cons idered  d e s i r a b l e  f o r  this t ype  of  s tudy  because of i t s  
15 f t - c ,  a temperature  o f  
- - 
23 chamber t o  provide c o n t r o l l e d  cond i t ions  o f  C02,  water a v a i l a b i l i t y  and 
24mine ra l  n u t r i t i o n .  Carbon d ioxide  exhaus t ion  w a s  airoided by meter ing  a 
25cons tan t  f low of  a i r  from a compressed a i r  c y l i n d e r  cont inuous ly  i n t o  the  
. - r _  ~ . .  . . . 
4 
1 chamber dur ing  t h e  growth of t he  p l an t s .  The p l e x i g l a s s  chamber w a s  main- 
2 t a i n e d  i n  a room of t h e  Bio t ron ,  a c o n t r o l l e d  environment f a c i l i t y  of  t he  Uni- 
3 v e r S i t y  o f  Wisconsin. Ent ry  i n t o  t h e  p l e x i g l a s s  chamber w a s  r equ i r ed  only 
4 at  the s t a r t  of  photographic record ing  f o r  o r i e n t a t i o n  of  s eed l ings  and once 
5 8 days a f t e r  l e a f  unfo ld ing  t o  remove t h e  ap ica l  m e r i s t e m  and t r i f o l i a t e  
6 leaves. The d e t a i l s  involved i n  environmental  c o n t r o l  and c u l t u r a l  practices 
7 were descr ibed  i n  a previous p u b l i c a t i o n  (1). P l a n t  response d a t a  were taken  
8 from leaves of  4 p l a n t s  i n  two experiments and from the  leaves  of 3 p l a n t s  
9 i n  a t h i r d  experiment.  A 16 mm camera provided t ime lapse photographs 
10 of  the  l e a f  p o s i t i o n s  a t  6 min. i n t e r v a l s .  Photographic  record ings  were 
41 s t a r t e d  a t  t h e  t i m e  o f  l e a f  unfo ld ing  and a l l  p l a n t s  were monitored for 
l2 a period of  2 weeks. 
13 Measurements of  b lade  r o t a t i o n  w e r e  ob ta ined  from t i m e  l a p s e  photo- 
l4 graphs o f  each  bean p l a n t  which recorded l a t e ra l  views of  t he  u n i f o l i a t e  
l5 leaves as they  moved. 
l6 o r  lower s u r f a c e  were v i s i b l e  t o  t h e  camera. 
l7 i n  m. between the  apparent  l a te ra l  margtns of  each leaf of  t he  
l8 pro jec t ed  image, i t  was  poss ib l e  t o  o b t a i n  a n  a c c u r a t e  relative determin- 
l9 a t i o n  o f  t h e  r o t a t i o n  a t  any t i m e .  If the  leaf r o t a t e d  so tha t  t h e  upper 
2o s u r f a c e  of  t h e  l e a f  was  exposed, p o s i t i v e  va lues  were recorded;  i f  t h e  
21 l e a f  r o t a t e d  i n  t h e  oppos i t e  d i r e c t i o n  exposing t h e  lower s u r f a c e ,  nega t ive  
A s  t h e  leaves r o t a t e d ,  va ry ing  po r t ions  of t h e  upper 
By measuring t h e  d i s t a n c e  
va lues  w e r e  recorded. It should be noted tha t  t h e s e  b lade  r o t a t i o n  22 
23 measurements are re la t ive and w i l l  i nc rease  w i t h  a g iven  i n t e n s i t y  of  
24 
. r o t a t i o n  as t h e  b lade  expands i n  width.  Movement d a t a  a l s o  were obta ined  f o r  
upward and downward c i r c a d i a n  movements o f  t h e  same leaves s o  t h a t  compari- 
sons between t h e  2 types  of  movement could be made. 
25 
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RESULTS AND DISCUSSION 1 
2 
3 
4 w a s  observed i n  t h e  primary leaves of  Phaseolus a n g u l a r i s  Wight. 
. A  rhythmic r o t a t i o n a l  type of movement w i t h  t h e  midvein as t h e  axis 
The term 
"blade ro t a t ion" ,  as previous ly  des igna ted  by Darwin and Darwin w i l l  be 
used ( 6 ) .  The rhythmic na tu re  of  b lade  r o t a t i o n  can  be seen  i n  F ig .  1. 
7 Blade r o t a t i o n  was  p e r s i s t e n t  and s e l f - s u s t a i n i n g  under uniform environmental  
8 cond i t ions  and thus f i t s  t he  d e f i n i t i o n  of  a t r u e  b i o l o g i c a l  rhythm (L3), 
9 I n  c o n t r a s t  t o  t h e  observa t ions  of Darwin and Darwin (6), blade 
10 r o t a t i o n  occured only  when the  leaves were i n  an  upward p o s i t i o n  and tended t o  
11 fade o u t  when the leaves were downward o r  i n  a "sleep" p o s i t i o n  ( f i g .  1). 
12As a r e s u l t ,  when b lade  r o t a t i o n  data w a s  p l o t t e d  ve r sus  t i m e ,  i t  was  
13 apparent  tha t  per iods of  rhythmic a c t i v i t y  were sepa ra t ed  by per iods of  
14 i n a c t i v i t y .  Because o f  t h e s e  i n t e r r u p t i o n s  i n  a c t i v i t y ,  on ly  d a i l y  per iods 
i s h a v i n g  4 o r  more rhythmic c y c l e s  were included i n  the de termina t ion  of  the 
16average per iod and amplitude o f  b lade  r o t a t i o n .  Whenever t h e  l e a f  
17blade  e x h i b i t e d  no measurable r o t a t i o n  f o r  12 o r  more minutes i t  was 
18considered t o  be i n a c t i v e .  An average of  10 and a maximum of  1 9  cyc le s  per  
1 9 d a i l y  per iod  o f  a c t i v i t y  were observed. The average per iod of  blade r o t a -  
2 0 t i o n  w a s  c a l c u l a t e d  f o r  each of  t hese  success ive  d a i l y  per iods of  rhythmic 
21 a c t i v i t y .  
22 
23sen t ing  a t o t a l  o f  587 c y c l e s ,  was 53.2 min. 
2 4 v a r i a t i o n  between p l a n t s  o r  experiments.  
25 ind iv idua l  p l a n t s  v a t i e d  no more than  f 4.3 min. from t h e  53.2 min. mean 
The o v e r a l l  mean per iod o f  blade r o t a t i o n  f o r  t h e  11 p l a n t s ,  repre-  
There was no s i g n i f i c a n t  
The mean per iod  o f  movement f o r  
6 
1 f o r  a l l  p l a n t s  (Table I).  Analysis  of va r i ance  ind ica t ed  t h a t  dur ing  the  
2 e a r l y  s t a g e s  of p l an t  growth, t he  period of blade r o t a t i o n  d i d  no t  change 
3 s i g n i f i c a n t l y .  However, t h e r e  w a s  a 4.7 min. i nc rease  i n  period immediately 
4 fol lowing removal of  the  a p i c a l  m e r i s t e m s  and t r i f o l i a t e  leaves (Table 11). 
5 Blade r o t a t i o n  a c t i v i t y  was not  observed u n t i l  3 days a f t e r  l e a f  unfo ld ing ,  
G when a c t i v i t y  began a n d ' p e r s i s t e d  f o r  a t  l e a s t  6 days.  The movement decreased 
7 cons iderably  and even tua l ly  disappeared as t h e  p l an t  aged. This  i s  ev iden t  
8 i n  Fig.  2 ,  i n  which the  average r e l a t i v e  rhythmic a c t i v i t y  of 11 p l a n t s  i s  
9 p l o t t e d  t o g e t h e r  w i th  d a t a  on e longa t ion  of leaves. 
10 w a s  obtained by d iv id ing  t h e  number of rhythmic cyc le s  f o r  each d a i l y  per iod 
Re la t ive  rhythmic a c t i v i t y  
11 by the number of  rhythmic cyc le s  i n  the  most a c t i v e  d a i l y  period f o r  each p l a n t .  
12 Rhythmic a c t i v i t y  w a s  g e n e r a l l y  observed f o r  a t  l eas t  6 days and f o r  as long 
13 as 9 days i n  some p l a n t s ,  This  i s  i n  c o n t r a s t  t o  c i r c a d i a n  rhythm a c t i v i t y  
14 which began immediately as the  leaves  unfolded and w a s  observed f o r  as long 
15 as 28 days ( 9 ) .  
16 
l7 and blade r o t a t i o n  a c t i v i t y .  Rhythmic a c t i v i t y  w a s  most i n t ense  dur ing  the  
l8 i n f l e c t i o n  i n  growth ra te  of  leaves j u s t  fol lowing t h e  logar i thmic  phase of  
l9 growth ( f i g .  2 ) .  
2o l e a f  a t t a i n e d  i t s  maximum s i z e .  
21 u n f o l i a t e  l eaves ,  r a p i d  growth and expansion w e r e  occur r ing  i n  t h e  young 
22 t r i f o l i a t e  l eaves .  
23 
24 from the  c o l l e c t e d  d a t a .  
25 .by d iv id ing  the  measured mm of blade r o t a t i o n  by l e a f  width.  
There appeared t o  be a c l o s e  r e l a t i o n s h i p  between s t a g e s  of l e a f  development 
A c t i v i t y  decreased and the movement became non-rhythmic as t h e  
A s  the rhythmic a c t i v i t y  decreased i n  the  
A reasonably p rec i se  c a l c u l a t i o n  of degrees  of  r o t a t i o n  was determined 
The degrees  of  r o t a t i o n  were obta ined  as a s i n e  va lue  
Leaf width could 
f '  
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not  be measured d i r e c t l y  bu t  w a s  determined from a p l o t t e d  curve of l e a f  
length  (measured on the  photographs) ve r sus  l e a f  wid th  developed f o r  t h i s  
c u l t i v a r .  It was determined t h a t  dev ia t ions  from the  h o r i z o n t a l  p o s i t i o n  
averaged 20 f o r  each rhythmic cyc le  w i t h  many as g r e a t  as 40 . The average 
amplitude of blade r o t a t i o n  d id  n o t  change from day t o  day. During l a t e r  
s t a g e s  of development, the  movement cont inued wi th  t h e  same amplitude bu t  
became non-rhythmic. 
0 0 
It w a s  observed t h a t  blade r o t a t i o n  movements f o r  t he  2 leaves on the  
same p l a n t  were c l o s e l y  synchronized and i n  phase ( f i g .  3 ) .  This  i s  i n  
c o n t r a s t  t o  c i r c a d i a n  movements f o r  l eaves  on the  same p l a n t ,  which can be 
s e v e r a l  hours  ou t  of phase ( 9 ) .  The synchroniza t ion  of  blade r o t a t i o n  i s  
noteworthy s i n c e  Bai l laud  ( 3 )  s t a t e d  t h a t  c l o s e l y  synchronized s h o r t  per iod 
movements of leaves on the  same p l a n t s  have no t  been observed. On the  o t h e r  
hand, t h e  r e s u l t s  of  t h i s  s tudy  demonstrate t h a t  t he  r o t a t i o n a l  movements of  
l eaves  of s e p a r a t e  p l a n t s  were n o t  synchronized ( f i g .  l), i n d i c a t i n g  t h a t  t h i s  
s h o r t  per iod rhythm w a s  no t  e n t r a i n e d  t o  some concurren t  environmental  f l u c t u a t i o n .  
It was  determined, by watching t h e  o r i e n t a t i o n  of  marks made on the  upper- 
s i d e  of  the  p e t i o l e ,  t h a t  most of  t he  b lade  r o t a t i o n  motions can be a t t r i b u t e d  
t o  a c t i v i t y  i n  the  secondary pulvinus and t o  a lesser e x t e n t  i n  the primary 
pulvinus.  I n  some t i m e  l apse  records  p l an t s  have been o r i e n t a t e d  so  t h a t  t he  
t i p  of t he  leaf was pointed toward the  camera. It w a s  ev iden t  t h a t  dur ing  blade 
r o t a t i o n  t h e  l e a f  blade moved l a t e r a l l y  back and f o r t h  so  t h a t  t he  l e a f  t i p s  
formed arcs o r  hemispheres as they  moved. However, t h e  l e a f  t i p s  d id  not  circum- 
s c r i b e  e l l i p t i c a l  o r  ovoid motions t y p i c a l  of  c i rcumnutat ion.  
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It would be i n t e r e s t i n g  t o  specu la t e  on the  na tu re  of  t he  c o n t r o l l i n g  
mechanisms of  blade r o t a t i o n .  It is  suggested t h a t  because of t he  r a p i d i t y  
of  blade r o t a t i o n ,  t h e  movements of t he  pulvinus must be a s soc ia t ed  wi th  
changes i n  t u r g o r  on i t s  oppos i te  s ides .  Since auxin has been impl ica ted  i n  
t h e  tu rgor  movements o f  p u l v i n i ,  i t  may be t h a t  a rhythmic f l u c t u a t i o n  i n  auxin 
concen t r a t ion  on oppos i te  s i d e s  of  t he  midvein i s  the  c o n t r o l l i n g  f a c t o r  i n  
blade r o t a t i o n .  
S tomata l  ape r tu re s  may r e g u l a t e  water l e v e l s  w i t h i n  the  pulvinus and 
thus  e x e r t  some c o n t r o l  on blade r o t a t i o n .  Stomatal  rhythms have r e c e n t l y  
been observed i n  Phaseolus w i t h  per iods o f  between 40 and 50 min (8), 
which c l o s e l y  approximate t h e  t iming of blade r o t a t i o n .  It is poss ib l e  t h a t  
t h e  2 rhythms a re  c l o s e l y  synchronized and perhaps stomatal. rhythms s t rong ly  
modify o r  c o n t r o l  t hese  rhythmic l e a f  movements. 
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Fig.  1. 
Fig.  2. 
Fig.  3.  
Movements of  primary leaves  f o r  2 s e p a r a t e  Phaseolus angu la r i s  
p l an t s  grown simultaneously.  (a)  blade r o t a t i o n  i n  m i l l i m e t e r s  
as recorded by measuring t h e  d i s t a n c e  between the l a t e r a l  margins 
of  t h e  l e a f  as i t  appeared on t h e  pro jec ted  image (b) upward 
and downward movement i n  angular  degrees ,  
(a) Mean l eng th  of u n i f o l i a t e  leaves  of  Phaseolus angu la r i s  
p l an t s  f o r  12  days a f t e r  l e a f  un fo ld ing  (b) rhythmic a c t i v i t y  of  
blade r o t a t i o n  f o r  1 2  days a f t e r  leaf unfolding.  Rhythmic a c t i v -  
i t y  was obtained by d i v i d i n g  the  number of  rhythmic cyc le s  f o r  
each d a i l y  per iod by the  number of rhythmic cyc les  i n  the  most 
a c t i v e  d a i l y  period. 
Synchrony i n  blade r o t a t i o n  of t h e  2 u n i f o l i a t e  leaves  on a bean 
p lan t .  
12 
Table I. Mean Period f o r  Blade Rota t ion  (min) of 
Leaves of Phaseolus angular i s  P l an t s  Grown 
i n  3 Separate  Experiments 
Experiment 
P lan t  4 B C 
1 
2 
3 
4 
- .  
54.0 
57.5 
52.7 
51.4 
53.1 
50.7 
52.5 
49.5 
. .. 
54.8 
55.1 
54.0 
-- 
F Values 
P l a n t s  1,46 ns 
Experiments 2.20 ns 
13 
Table 11. Mean Period of Blade Ro ta t ion  (min) f o r  
Successive Dai ly  Per iods of Rhythmic A c t i v i t y  
Per iod of Blade Ro ta t ion  (Min) 
53.8 (4 
@ 58.5 (b) 
Figures  followed by t h e  same le t te r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  
a t  the  .01 l e v e l ,  (Duncan's M u l t i p l e  Range Tes t )  
' i n d i c a t e s  t i m e  o f  removal o f  a p i c a l  m e r i s t e m  and t r i f o l i a t e  leaves.  __q 
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DAYS AFTER LEAF UNFOLDING 
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